Atomic layer deposition (ALD) has been widely used in microelectromechanical systems (MEMS) due to its unique advantages, e.g. precise film thickness control, high uniformity and superb conformality. The understanding of ALD film's mechanical properties is important for MEMS device design and fabrication. In this work, the studied thin films (Al2O3 and Al2O3/TiO2 laminates) were deposited by thermal ALD (THALD) and plasma-enhanced ALD (PEALD). The film growth behavior was determined by ellipsometry, and the residual stress was analyzed by wafer curvature measurements. We extracted a low residual stress near 100 MPa for Al2O3 and Al2O3/TiO2 laminates. A clear correlation was found between the film's process conditions (parameters and configurations) and residual stress.
Introduction
Atomic layer deposition (ALD) is one of the main thin film deposition technologies in micro-and nanofabrication industry. This technology was invented in 1970s to enable the manufacturing of thin film electroluminescent (TFEL) displays which was the first industrial application [1] . In 2000s, ALD became an irreplaceable technique in semiconductor industry [2] - [5] , because it can produce conformal thin films with promising electric/dielectric properties, precise thickness control, good adhesion, and high thermal and chemical stability. Recently, ALD films have become essential for various microelectromechanical systems (MEMS) due to their wide deposition temperature range, excellent uniformity and superb conformality [6] , [7] . Film residual stress is a key factor for MEMS device design and fabrication. A low and controllable residual stress is highly desired [8] . The stress of ALD thin films often depends on the process parameters and ALD configurations, such as thermal ALD (THALD) mode or plasma-enhanced ALD (PEALD) mode. Although the residual stress has been reported as a function of several process parameters [8] - [10] , its correlation with ALD modes remains unclear. In this work, Al2O3 and Al2O3/TiO2 laminates (ATO) were selected as the investigated objects to study the influence of deposition temperature and ALD mode on residual stress of near-100 nm thick films.
Experimental
Al2O3 films were deposited at 200 ˚C and 450 ˚C in a Beneq P400 industrial reactor with thermal ALD mode. ATO depositions were carried out in a TFS-200 R&D ALD tool with thermal and plasma configurations at 90 ˚C. In PEALD mode, the plasma was generated with a capacitively coupled 13.56 MHz RF source. The plasma parameters were set at 180 W plasma power and 3 s plasma exposure time. During film depositions, the pressure in both industrial and R&D reactors was 0.5-1 hPa. For curvature measurement, the ALD films were deposited on 380 μm thick double side polished (100)-oriented 150 mm Si wafers. Before the film growth, the wafers were cleaned by using RCA-cleaning method (SC-1, HF-dip and SC-2). After cleaning, the wafers were covered with a thin chemical oxide. The film growth behavior was evaluated on 675 μm thick single polished Si wafers with native oxide. The metal precursors were trimethylaluminum (TMA) and titanium tetrachloride (TiCl4). Water (H2O) and O2 plasma were used as oxidizing precursors. For Al2O3 film growth, TMA and H2O pulse/purge times were 1.2/3 s and 1/5 s, respectively. During ATO deposition, the precursor pulse and purge times were 0.15 s and 3 s, respectively, for both metal precursors. The total cycle times of oxidants with THALD and PEALD modes were 7.15 s and 5 s. The film thickness, refractive index and uniformity were examined by a SENTECH SE400adv ellipsometer. The residual stress of the ALD films were determined with TOHO FLX-2320-S by measuring the change in wafer curvature pre-and post-deposition. The wafers were scanned in two directions of parallel and perpendicular to the wafer flat using a 120-mm scan length. The difference in curvature was used to calculate stress by way of Stoney's equation [11] .
Results and discussion
The growth behavior of thermal ALD Al2O3 was studied at 200 ˚C and 450 ˚C. The film thickness vs. number of ALD cycles is shown in Figure 1 . As expected, the thickness increases linearly with the number of ALD cycles. The growth-per-cycle (GPC) of the 200 ˚C sample is clearly higher than that of the 450 ˚C one. A similar negative correlation between deposition temperature and GPC has been reported by Dingemans et al. [12] . The high GPC at low temperature can be partly attributed to a low film quality (e.g. a low mass density and high impurity content). Furthermore, the dehydroxylation reaction cannot be ignored, since it always plays a dominant role at high deposition temperatures [13] . Also, at 450 ˚C the decomposition of TMA, known to occur at temperatures above 330 ˚C, might have some effect on the film growth behavior [14] . The GPC, refractive index, and uniformity of Al2O3 are listed in Table 1 . The ATO laminates were fabricated as bilayer structure of 5+5 nm repeated 10 times at 90 ˚C. Figure 2 shows the GPC and refractive index of Al2O3 and TiO2 sublayers. The film growth rate of Al2O3 and TiO2 increased significantly when O2 plasma was applied. Similar results have been reported earlier [15] , [16] . Figure 2 also shows a slight increase in film refractive index for the PEALD mode. These observations suggest that O2 plasma is a more effective oxidant than H2O [16] , especially in the low temperature ALD process. Additionally, the ellipsometry was also used to determine the thickness, refractive index, and uniformity of the ATO laminates. Note that, the GPC of ATO shown in Table 2 is calculated by the measured thickness and total number of ALD cycles, and thus only has a relative value. The refractive index is also reported as a combined value from the Al2O3 and TiO2 layers, because ellipsometry is unable to distinguish separate values for each layer. In Figure 3 , the residual stress for the ALD thin films grown in this work and for values found from literature are reported as a function of growth temperature and reactor configuration. All films were measured to be under tensile stress, and no clear difference was observed on the directions of parallel and perpendicular to the wafer flat. The thicknesses of the films obtained in this work were 25.7, 100.7, 97.3 and 98.3 nm for the 200 °C TH-Al2O3, 450 °C TH-Al2O3, 90 °C TH-ATO and 90 °C PE-ATO films, respectively. As an earlier study [8] reported that the residual stress was independent of amorphous film thickness in sub-micrometer level, the effect of the different thicknesses was evaluated to be minimal. The residual stress of the Al2O3 film deposited at 200 °C was 270 MPa which correlates well with the result reported in the Ref. 8 . For the 450 °C deposited Al2O3, the residual stress was reduced to 130 MPa. The residual stress appears to be decreasing in magnitude with increasing deposition temperature. A similar stress correlation was observed also in previous studies [8] - [10] , and it could be attributed to a better film quality due to an increased film density and a decreased impurity content, although TMA might partially decompose at 450 °C. Moreover, the residual stress of ATO films was significantly decreased by switching ALD mode from THALD to PEALD (Figure 3 ). This result indicates a correlation between the film quality and the residual stress, as PEALD is known for providing a better film quality than THALD at low temperature [16] . In addition, the growth-related stress plays a dominant role in the residual stress at low temperature thermal ALD processes [8] . This effect, however, can be minimal in plasma mode. Also note that, compared with the 90 °C TH-ATO, the reference sample deposited at 110°C [17] shows a same stress range, although the Al2O3/TiO2 ratios slightly differed from each other.
Summary
In this work, the residual stress of ALD films, Al2O3 and ATO, on Si wafers was investigated. The comparison was carried out for different deposition temperatures and for different ALD configurations. A strong impact of the process conditions was found on the film stress. In particular, a small residual stress of about 100 MPa was observed for the 450 ˚C TH-Al2O3 and 90 ˚C PE-ATO films.
In order to produce a good MEMS device, factors of film growth behavior can not be neglected. In light of these results, high temperature THALD and PEALD can been seen as viable options to produce low residual stress ALD films.
